Abstract: A lot of reinforced concrete (RC) structures in Syria went out of service after a few years of construction. This was mainly due to reinforcement corrosion or chemical attack on concrete. The use of blended cements is growing rapidly in the construction industry due to economical, ecological and technical benefits. Syria is relatively rich in scoria. In the study, mortar/concrete specimens were produced with seven types of cement: one plain Portland cement (control) and six blended cements with replacement levels ranging from 10 to 35 %. Rapid chloride penetration test was carried in accordance with ASTM C 1202 after two curing times of 28 and 90 days. The effect on the resistance of concrete against damage caused by corrosion of the embedded steel has been investigated using an accelerated corrosion test by impressing a constant anodic potential. The variation of current with time and time to failure of RC specimens were determined at 28 and 90 days curing. In addition, effects of aggressive acidic environments on mortars were investigated through 100 days of exposure to 5 % H 2 SO 4 , 10 % HCl, 5 % HNO 3 and 10 % CH 3 COOH solutions. Evaluation of sulfate resistance of mortars was also performed by immersing in 5 % Na 2 SO 4 solution for 52 weeks. Test results reveal that the resistance to chloride penetration of concrete improves substantially with the increase of replacement level, and the concretes containing scoria based-blended cements, especially CEM II/B-P, exhibited corrosion initiation periods several times longer than the control mix. Further, an increase in scoria addition improves the acid resistance of mortar, especially in the early days of exposure, whereas after a long period of continuous exposure all specimens show the same behavior against the acid attack. According to results of sulfate resistance, CEM II/B-P can be used instead of SRPC in sulfate-bearing environments.
Introduction
Use of natural pozzolan in production of blended Portland cements makes important effects on physical, chemical, mechanical and durability properties of mortar and concrete depending on its substitution ratio and its fineness (Al-Chaar et al. 2013; Senhadji et al. 2012; Hossain 2009; Ghrici et al. 2006; Cavdar and Yetgin 2007; Turanli et al. 2005; Colak 2003; Rodriguez-Camacho and Uribe-Afif 2002) . In addition, since these materials enter the cement production after kiln process, they also provide important economical and ecological benefits (Mehta and Monteiro 2006) . According to Mehta and Monteiro (2006) , the manufacture of one tonne of Portland cement (PC) clinker consumes energy of about 4GJ, and releases nearly one tonne of CO 2 in the atmosphere. For this reason, a particular attention was recently given to the exploitation of natural pozzolan which is broadly abundant in Syria. More than 30,000 km 2 of the country is covered by Tertiary and Quaternary-age volcanic rocks (GEGMR 2011) , among which scoria occupies important volume with estimated reserves of more than 600 million tonnes (GEGMR 2007) . The cement produced in the country is almost of CEM I, although an addition of natural pozzolan up to 5 % was frequently used in most local cement plants. Hence, less than 300,000 tonnes of these pozzolans are only exploited annually (the annual production of PC in Syria is about 6 million tonnes) (GOCBM 2011) .
The premature deterioration of reinforced concrete (RC) structures due to corrosion is a major problem in Syria, especially, in the marine environment. A lot of structures went out of service after a few years of construction. Although chloride ions in concrete do not directly cause severe damage to the concrete, they contribute to the corrosion of steel bars embedded in concrete. Therefore, study of chloride penetrability of concrete is an important for evaluating reinforcing steel corrosion in RC structures. In addition, chemical attacks on concrete structures subjected to sulfate-and acid-bearing environments have caused serious damage to these concretes. This has prompted the search for economical methods of extending the service life of structure. One of these methods was the use of blended cements, which is growing rapidly in the construction industry. Although there are numerous studies on using natural pozzolan as cement replacement, no detailed research was conducted in the past to investigate the potential use of scoria in production of blended cements in Syria.
This study is part of the first detailed research in Syria to investigate the potential utilization of scoria as cement replacement in producing Portland-pozzolan cements, and its effects on the performance of mortar and concrete. The study is of particular importance not only for the country but also for other areas of similar geology, e.g. Harrat Al-Shaam, a volcanic field covering a total area of some 40,000 km 2 , third of which is located in the country. The rest is covering parts from Jordan and Saudi Arabia.
The objective of this paper is to report a part of this ongoing research on the effect of different amount of scoria when adding as cement replacement on some durability-related properties. Penetrability of chloride ions, corrosion of reinforcing steel, acid and sulfate attacks have been particularly investigated. Some chemical, physical and mechanical properties have also been reported.
Experimental Procedure

Scoria
The scoria used in the experiments was collected from a Tal Dakwa' quarry, at 70 km southeast of Damascus as shown in Fig. 1 . The petrographical examination showed the scoria is consisted of amorphous glassy ground mass, vesicles, plagioclase and olivine with the following percentages (based on an optical estimate): 20, 35, 20 and 25 %, respectively. The scoria is dark black to blackish-grey in color with some red-brown spots, mostly due to its iron oxides content. Figure 2 shows thin sections of the used scoria. The chemical analysis of scoria used in the study is summarized in Table 1 . This analysis was carried out by means of wet chemical analysis specified in EN 196-2 (1989) .
Cement Samples
Three types of binder were prepared, one plain PC CEM I (control), and two blended cements: CEM II/A-P and CEM II/B-P , each of them with 3 replacement levels of scoria: (10, 15 and 20 %) and (25, 30, 35 %) , respectively. 5 % of gypsum was added to all these cements. The clinker used for producing the binders was obtained from Adra Cement Plant, Damascus, Syria. Chemical analysis of clinker and gypsum is shown in Table 1 . All binders were interground by a laboratory grinding mill to a Blaine fineness 3200 ± 50 cm 2 /g. All replacements were made by mass of cement. Table 2 shows the chemical, physical and mechanical properties of the binders produced. CEM I (the control sample) was designated as C1, whereas blended cements were designated according to the replacement level. For instance, C2/10 % and C7/35 % refer to the blended cements containing 10 and 35 % of scoria, respectively. In acid and sulfate attack tests, sulfate-resisting PC was employed for comparison. It was designated as C8.
Mortar Mixtures
Eight mortar mixtures were prepared using these binders and sand meeting the requirements of ASTM C 778. In all mixtures, binder: sand ratio was kept constant as 1:2.75 by weight. Mixtures containing CEM I and SRPC were prepared with a w/b ratio of 0.485. Mixtures containing scoriabased blended cements were prepared by changing the w/b ratio in order to obtain a flow within ±5 of that of the CEM I mortar. For acid attack tests, a set of three cubes from each mixture was cast for each of acid solution and curing age. For sulfate attack test, prismatic mortar bars and cubes were cast from each mixture in accordance with ASTM C1012 (2004).
Concrete Mixes
Seven concrete mixes were prepared using a grading of aggregate mixtures kept constant for all concretes. Aggregates used in the study were crushed dolomite with river bed natural sand added. Both aggregates were obtained from local sources. Chemical composition and grading with some physical properties of the aggregates are illustrated in Table 1 and Fig. 3 , respectively. Their quantities in 1 m 3 concrete mix based on the oven-dry condition are as follows: 565.5 kg of coarse aggregate, 565.5 kg of medium-size aggregate, 447.5 kg of coarse sand and 286.5 kg of natural sand. All concrete mixes were designed to have a waterbinder ratio of 0.6 and a slump of 150 ± 20 mm. This w/b ratio was kept constant in order to directly observe the effects of adding scoria as cement partial replacement on properties of concrete. Six concrete cubes (150 mm) were cast for each of binders and curing ages for the determination of compressive strength. Three plain concrete cylinders (100 mm 9 200 mm) for each of binder type and curing age were cast, for evaluating the chloride penetrability. The RC specimen for the accelerated corrosion tests was 100 mm 9 200 mm concrete cylinder in which 12 mm diameter steel bar was centrally embedded. The steel bar was embedded into the concrete cylinder such that its end was at least 45 mm from the bottom of the cylinder, and it was coated with epoxy at the exit from the concrete cylinder in order to eliminate crevice corrosion. Three specimens for each binder type and curing age were cast.
Compressive Strength Test of Concrete
The compressive strength development was determined on 150 mm cubic concrete specimens, in accordance with ISO 4012 (1978), after 2, 7, 28, 56 and 90 days curing.
Rapid Chloride Penetrability Test
The test was conducted in accordance with ASTM C 1202 ASTM C (2001 . Three slices of 100 mm in diameter and 50 mm in thickness were cut from the middle portion of each concrete cylinder specimens (100 mm 9 200 mm). The set-up of RCPT is illustrated in Fig. 4 . The total charge passed through the sample, in coulombs, is determined by calculating the area under the current-time plot during the 6-h test period. It is generally agreed that for low-permeability concretes, the value of the charge, in coulombs, passed through the specimens should not exceed 2000. Three cylinder specimens of each concrete mix were tested after 28 and 90 days curing.
Accelerated Corrosion Test
A rapid corrosion test was used to compare the corrosion performance of concretes containing binders produced. Similar techniques with little differences were reported by other researchers (Horsakulthai et al. 2011; Parande et al. 2008; Ha et al. 2007; Saraswathy and Song 2007; Guneyisi et al. 2005; Rossignolo and Agesini 2004; Shaker et al. 1997; Khedr and Idriss 1995; Al-Tayyib and Al-Zahrani 1990) . In the study, RC specimens were immersed in a 15 % NaCl solution leveling the half of the concrete cylinder and the steel bar (working electrode) was connected to the positive terminal of a DC power source while the negative terminal was connected to a steel plate (counter electrode) placed near the concrete specimen in the solution. The corrosion process was initiated by impressing a relatively high anodic potential of 12 V to accelerate the corrosion process. Figure 5 shows a schematic representation of the experimental setup for the accelerated corrosion test. The specimens were monitored periodically to see how long it takes for corrosion cracks to appear on the specimen surface. The current readings with time were recorded at 4 h-intervals. Three specimens from each concrete mix were tested after 28 and 90 days curing.
Acid Attack Test
The relative acid resistance was determined in accordance with ASTM C267 (2001). The aggressive acid environmental conditions were simulated using the following acids: 5 % sulfuric acid (H 2 SO 4 ), 10 % hydrochloric acid (HCl), 5 % nitric acid (HNO 3 ) and 10 % acetic acid (CH 3 COOH) of pH equal to 0.5, 0.25, 0.45 and 2.2, respectively. The 28 and 90 days cured mortar cubes were immersed in these aggressive acid environments for 100 days. The Plexiglas containers with immersed mortar specimens were kept covered throughout the testing period to minimize the evaporation. At 2, 7, 14, 28, 56, 84 and 100 days of exposure, the mortar specimens were cleaned with distilled water, then the acid resistance was evaluated through measurement of the weight loss of the specimens determined as follows:
where W 1 is the weight (grams) of the specimens before immersion and W t is the weight (grams) of cleaned specimens after t day immersion. The average weight losses for each mortar cubes have been reported.
Sulfate Attack Test
The evaluation of sulfate attack resistance of mortars was performed in accordance with ASTM C1012 (2004) . Length measurements of the prepared prismatic specimens were performed at 1, 2, 3, 4, 8, 13, 15, 17, 26, 38, 52 weeks after immersing the specimens into the sulfate (5 % Na 2 SO 4 ) solution. The solution was renewed four times throughout the test; at 8, 17, 26 and 38 weeks.
Discussion of Results
Properties of Scoria and Blended Cements
As seen from Table 1 , scoria is considered as suitable material for use as pozzolan. It satisfied the standards requirements for such a material by having a combined SiO 2 , Al 2 O 3 and Fe 2 O 3 of more than 70 %, a SO 3 content of less than 4 % and a loss on ignition of less than 10 % (ASTM 2001). SiO 2reactive content is more than 25 %, as well (EN 2004) . In addition, it has a strength activity index with PC higher than the values specified in ASTM C618 (2001). The chemical and physical properties of scoria-based blended cements are also in conformity with the standards requirements (ASTM 2001). Their contents of MgO and SO 3 are less than 6 and 4 %, respectively. The loss on ignition is also less than 5 % as specified in ASTM C595 (2001) . Setting time and soundness values meet the limits specified in ASTM C595 (2001), for all binder types. The compressive strengths of blended cement mortars are lower than that of the plain PC at 28 days curing. This reduction is mainly due to the slowness of pozzolanic reaction between pozzolan and CH released during cement hydration (Mindess et al. 2003) , and could be due the coarser blended cement particles, as shown in Table 2 .
Compressive Strength of Concretes
Results of compressive strength test are summarized in Table 3 . As expected, the compressive strength of the concrete increases with curing time with a high rate of strength gains at early ages which gradually decrease at longer ages. Plain cement concrete specimens have higher compressive strengths at any age when compared with blended cement concretes. The compressive strength at 7 days decreases from 24.9 to 16.0 MPa when CEM I and CEM II/B-P with 35 % of scoria were used, respectively. The relative compressive strength after 2 days curing with 35 % of scoria is only 63 % of that of CEM I specimens. This could be explained by the slowness of the pozzolanic reaction between the glassy phase in scoria and the CH released during cement hydration. However, due to the continuation of this reaction and the formation of a secondary C-S-H, a greater degree of hydration is achieved resulting in strengths after 90 days curing which are comparable to those of CEM I specimens.
Rapid Chloride Penetrability
Results of rapid chloride penetrability test are shown in Fig. 6 . The resistance to chloride penetration was greatly increased with the use of scoria-based blended cement concretes. The total charge passed is substantially reduced with increase in scoria content and curing time. The total charge passed through concrete mix containing C5/25 % binder type after 28 days curing was about half of the control mix, and decreased to about one third after 90 days curing. None of concretes has a total charge passed less than 2000 coulombs after 28 days curing. This expected result may be due to the high w/b ratio. However, the concretes containing CEM II/B-P with scoria contents of 25, 30 and 35 %, showed the best performance among all the specimens. According to ASTM C1202 (2001), these concretes can be considered as low chloride permeable after 90 days curing. The improvement in resistance to chloride penetration may be related to the refined pore structure of these concretes and their reduced electrical conductivity (Talbot et al. 1995) . This which was confirmed by many researchers (Ghrici et al. 2006; Rukzon and Chindaprasirt 2009; Chindaprasirt et al. 2007; Gastaldini et al. 2007; Pourkhorshidi et al. 2010; Ramezanianpour et al. 2010; Hossain et al. 2008; Rukzon and Chindaprasirt 2009; Chindaprasirt et al. 2007; Gastaldini et al. 2007) , is due to the secondary pozzolanic reaction which contributes to make the microstructure of concrete denser. If a higher volume of scoria is added, much lower penetrability can be achieved. 
Corrosion Resistance
Typical curves of corrosion current versus time for the concrete specimens made with CEM I, CEM II/A-P and CEM II/B-P binder types are illustrated in Figs. 7 and 8, respectively. As seen from Figs. 7 and 8, current-time curve initially descended till a time value after which a steady low rate of increase in current was observed, and after a specific time period a rapid increase in current was detected until failure. The decreasing tendency of current at the very early time could be explained by the filling of the pores with salt and other deposits in the salt water (Reddy et al. 2011) . Almost a similar variation of the corrosion current with time has also been observed by other researchers (Horsakulthai et al. 2011; Guneyisi et al. 2005) . The first visual evidence of corrosion was the appearance of brown stains on the surface of the specimens. Cracking was observed shortly thereafter, and it was associated with a sudden rise in the current. Figure 9 presents the average corrosion times required to crack the specimens made with CEM I, CEM II/A-P and CEM II/B-P. Time to cracking in CEM I concrete specimens was in the range of 70-106 h (3-5 days), whereas that in CEM II/B-P was in the range of 120-370 h (5-16 days), depending on the replacement level and age at testing. The best corrosion resistance was obtained from blended cements with 35 % additive ratio. The test lasted for 194 and 370 h in this specimen after 28 and 90 days curing times, respectively. Results also demonstrated that the increase in time to cracking with test age (from 28 to 90 days) was greater in almost all of the cases for the scoria-based cement concrete specimens when compared with the plain concrete specimens. This delay in corrosion time when using blended cements may be related to the pozzolanic reaction of scoria which contributes to fill the voids and pores in concrete with an additional C-S-H gel. This leads to decrease of pore size and to a smaller effective diffusivity for chloride (Guneyisi et al. 2005; Hossain 2003) . This can improve the long-term corrosion resistance of RC structures, and make concrete denser and less permeable (Guneyisi et al. 2005; Hossain 2003) . Also, It was noted from Figs. 7 and 8 the corrosion resistance of most of blended cement concrete specimens increased significantly with age while that of the plain cement concrete had a slightly increase which has also been indicated by other researchers (Guneyisi et al. 2005 ).
Corrosion Initiation Time Versus Chloride Penetrability of Concrete
It was observed from Fig. 10 that the corrosion initiation time and chloride penetrability of concrete are closely related to each other. The analysis results showed that there is a good correlation between corrosion initiation time and total charge passed through concrete specimens, with a regression coefficient (R 2 & 0.92). According to Montgomery and Peck (1982) a regression coefficient, R 2 , of more than 0.85 indicates an excellent correlation between the fitted parameters. Increasing the total charge passed through concrete specimens reduces the time to initiate corrosion.
Acid Attack
The resistance to acid solutions was measured by means of the weight loss of the mortar cubes. Figures 11, 12 , 13 and 14 show the weight loss of 90 days cured mortar cubes immersed in 5 % H 2 SO 4 , 10 % HCl, 5 % HNO 3 and 10 % CH 3 COOH solutions, respectively. The weight loss is considered as a function of time. As expected, the acid resistance of the mortars improves with increasing the replacement level of scoria. This improvement of acid resistance is higher at early ages and decreases with increasing the immersion time. Beyond 28 days of exposure, slight improvements in acid resistance have been found. For instance, weight loss in 90 days cured mortars dropped from 34.8 % (CEM I) to 29.4 % (C7/35 %) after 28 days of exposure to 5 % H 2 SO 4 . From Figs. 11, 12 , 13 and 14, SRPC and CEM I suffered the most deterioration in terms of weight loss at earlier ages of exposure to all acid solutions. The weight loss of the CEM II/B was between half and threequarters of the weight loss of the CEM I mixture at the first seven days of exposure. The number of days needed to register a 10 % loss in weight is considered in the evaluation. As seen from Table 4 , the 10 % weight loss was obtained with the C7/35 % mix at up to 6.2 and 6.70 days of exposure to sulfuric acid; 4.6 and 5.2 days of exposure to hydrochloric acid at 28 and 90 days curing, respectively. The SRPC and CEM I mixtures, however, reached the same weight loss at only 3.0 and 3.5 days when exposed to sulfuric acid; at 3.2 & 2.9 days and 3.7 & 3.2 days when exposed to hydrochloric acid at 28 and 90 days curing, respectively. None of CEM II/B mixtures lost 10 % weight even after 100 days of exposure to nitric and acetic acids. The overall degree of attack tended to be more severe in sulfate and hydrochloric solutions compared with nitric and acetic acids. The better performance of scoria-based cements can be due to the pozzolanic reaction (Cao et al. 1997; Aydın et al. 2007 ). This reaction between scoria and calcium hydroxide liberated during the hydration of cement (Aydın et al. 2007 ), led to a refinement of the pore structure resulting in a highly impermeable matrix (Cao et al. 1997 ). The pozzolanic reaction also fixes Ca(OH) 2 , which is usually the most vulnerable product of hydration of cement in so far as acid attack is concerned (Neville 2011) . Contrary to expectation, the weight loss of SRPC mortars was very similar to that of CEM I mortars under similar conditions. This is possibly because SRPC and CEM I mortars both contain lime and calcium silicates in large proportions. This was in agreement with results of Fattuhi and Hughes (1988) . It should be also noted that after 100 days of exposure to acid solutions, especially sulfuric and nitric acids, SRPC and, to a smaller degree, CEM I mortar cubes showed a surface layer of brown color. This brown-colored layer, which is probably composed of ferric oxides (Pavlik 1994) , can be attributed to the higher content of C 4 AF in both cements. Generally, all acid attacks on mortars are associated with erosion and softening due to leaching of Ca and decalcification of C-S-H (Cao et al. 1997) . Hence, expansion might be expected to be less with the reduced pH values (Cao et al. 1997) . As generally expected, none of all binders used can provide a long-term resistance when exposed to strong acids.
Sulfate Attack
The results of the expansion test of bars immersed in 5 % Na 2 SO 4 solution for up to 52 weeks are shown in Fig. 15 . It was clearly seen form Fig. 15 , the use of scoria reduced expansion of the mortar bars. This reduction in expansion increased with increase in the scoria replacement level. These results were similar to those of other studies in which pozzolanic materials were used as cement replacements to improve sulfate resistance (Tangchirapat et al. 2009; Irassar et al. 2000) . It should be also noted that the amount of expansion for SRPC mortar bars was very similar to that of CEM II/B mortar bars. At 26 and 52 weeks, the amount of expansion of the CEM II/B mortar bars ranged from 0.10 % to 0.11 % and from 0.18 % to 0.19 %, respectively, whereas the expansion of SRPC was 0.09 and 0.16 %, respectively. This was despite the lack of C 3 A in SRPC. The slightly elevated expansion noted in SRPC used in the study, which made it unsuitable for severe exposure, is possibly because the SRPC mortar contains lime and C 4 AF in large proportions when compared to the CEM II/B mortars. These results confirmed earlier findings that the presence of C 3 A is not the only cause of expansion due to sulfate attack (Cao et al. 1997; Tangchirapat et al. 2009 ). According to ACI Committee 201 (1991) ettringite formation derived from ferroaluminate phase has also been assumed as a potential sulfate deterioration problem. The improvement of sulfate resistance by adding scoria as cement replacement can be mainly explained by the pore size refinement, the removal of lime by the pozzolanic reaction of scoria with the lime liberated during cement hydration and the C 3 A dilution (Irassar et al. 2000; Hooton and Emery 1990; al-Amoudi 2002; Al-Dulaijan et al. 2003) . The pore size refinement reduced the permeability of the paste, thus limiting the ingress of sulfate ions (Irassar et al. 2000) . In terms of cement composition, C 3 A is the main compound involving sulfate resistance, whereas C 4 AF, an alumina bearing phase, and CH released from silicates hydration can also affect the sulfate resistance of low C 3 A Portland cements (Gonzalez and Irassar 1997) . On the other hand, the C 3 S content was considered an important parameter on sulfate resistance of PC, too (Irassar et al. 2000) . It can be noted that for CEM I of about 6 % C 3 A content, blending with 25 % scoria content or more usually resulted in a performance similar to that of SRPC. This result is similar to that reported by Lawrence (1990) .
Conclusion
From the experimental results, the following conclusions could be drawn: -The studied scoria is a suitable material for use as a natural pozzolan. It satisfied the ASTM & EN requirements for such a material. The physical properties of binders containing scoria are also in conformity with the standards requirements. -The compressive strength of concrete containing scoriabased binders was lower than that of plain cement concrete at all ages of concrete in this study. At early ages, the concrete containing CEM II/B-P binder types had compressive strengths much lower than that of plain cement concrete. However, at 90 days curing, the compressive strengths of blended cement concretes are comparable to those of plain cement concrete. -The chloride penetrability of scoria-based concrete mixes is much lower than that of plain concrete, especially at high replacement levels of scoria. -According to the results of accelerated corrosion test, concretes produced with scoria-based binders decelerated rebar corrosion. Particularly, CEM II/B-P binder types with 25, 30 and 35 % scoria content were found to delay corrosion significantly. Use of scoria at 30 % cement replacement level delayed significantly initial corrosion times under chloride-bearing environments. -Based on the results, blending CEM I of 6 % C 3 A content, with 25 % scoria content or more resulted in a performance similar to that of SRPC and an enhanced acid resistance, as well. -Adding scoria as cement replacement reduced the expansion of the mortar bars exposed to sodium sulfate solution. More reduction occurs with increasing the replacement level. -Blended cement concretes have lower compressive strengths, but greater resistance to chloride penetration, longer corrosion initiation times, greater resistance to acid attack and lower expansion in sodium sulfate solution compared with plain cement concretes after 28 and 90 days curing. So, it would be erroneous to predict durability based on strength. -Based on the results obtained, it is suggested that scoria can be used up to 30 % as a partial substitute for PC in production of blended cements. This addition ratio can reduce the quantity of CO 2 released by Syrian cement plants, and the consumed energy. So, production of a green concrete could be promoted.
